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The expression of the six rice ASR genes is differentially 
regulated in a tissue-dependent manner according to envi¬ 
ronmental conditions and reproductive stages. OsASRI 
and OsASR3 are the most abundant and are found in most 
tissues; they are enriched in the leaves and roots, respec¬ 
tively. Coexpression analysis of OsASRI and OsASR3 and 
a comparison of the cis- acting elements upstream of 
OsASRI and OsASR3 suggested that their expression is 
regulated in common by abiotic stresses but differently 
regulated by hormone and sugar signals. The results of 
quantitative real-time PCR analyses of OsASRI and OsASR3 
expression under various conditions further support this 
model. The expression of both OsASRI and OsASR3 was 
induced by drought stress, which is a major regulator of 
the expression of all ASR genes in rice. In contrast, ABA is 
not a common regulator of the expression of these genes. 
OsASRI transcription was highly induced by ABA, where¬ 
as OsASR3 transcription was strongly induced by GA. In 
addition, OsASRI and OsASR3 expression was signifi¬ 
cantly induced by sucrose and sucrose/glucose treat¬ 
ments, respectively. The induction of gene expression in 
response to these specific hormone and sugar signals 
was primarily observed in the major target tissues of these 
genes (i.e., OsASRI in leaves and OsASR3 in roots). Our 
data also showed that the overexpression of either OsASRI 
or OsASR3 in transgenic rice plants increased their toler¬ 
ance to drought and cold stress. Taken together, our re¬ 
sults revealed that the transcriptional control of different 
rice ASR genes exhibit different tissue-dependent sugar 
and hormone-sensitivities. 


INTRODUCTION 

Plants are frequently exposed to various stresses under natural 
conditions. Drought, high salinity and low temperature are the 
most common abiotic stresses that adversely affect growth and 
productivity in plants. The perception of abiotic stresses evokes 
a response that involves the regulation of gene expression at 
the transcriptional level (Ingram and Bartels, 1996). Abscisic 


acid (ABA) is a key regulator of the signal transduction that 
modulates gene expression in stress adaptation and sugar 
sensing (Verslues and Zhu, 2005). Some drought-responsive 
and low temperature-responsive genes are not induced by ABA 
treatment (Shinozaki and Yamaguchi-Shinozaki, 1997), sug¬ 
gesting that both ABA-dependent and ABA-independent path¬ 
ways regulate the transcription of stress-responsive genes. 
ASR, a novel protein induced by ABA during stress and ripen¬ 
ing, was initially isolated in the tomato (lusem et al., 1993). The 
ASR promoter was shown to be responsive to ABA (Rossi et al., 
1998) and to contain cis -acting elements (Hong et al., 2002). 

Multigene families in various plant species encode ASR pro¬ 
teins (Frankel et al., 2006). These species include dicots, such 
as the tomato and potato, and monocots, such as pine, rice 
and maize. However, no ASR -like genes have been identified 
in Arabidopsis. In different species, distinct members of one 
ASR family might be expressed in different organs under differ¬ 
ent conditions and with different expression patterns (Canel et 
al., 1995; Maskin et al., 2001). The functions of ASRs are not 
evident based on sequence homology, but these proteins ex¬ 
hibit certain characteristics that are consistent with transcription 
factor activity. These 13-15.4 kDa proteins are hydrophilic, with 
many charged residues (Amitai-Zeigerson et al., 1994; lusem et 
al., 1993; Silhavy et al., 1995). Most ASR proteins, such as the 
grape, pine, lily and melon ASRs, contain a putative nuclear 
localization signal at their C termini (Cakir et al., 2003; Hong et 
al., 2002; Huang et al., 2000; Padmanabhan et al., 1997). To¬ 
mato ASR1 homodimers were found in both the cytosol and the 
nucleus (Ricardi et al., 2012). Moreover, a tomato ASR binds 
DNA in a Zn- and sequence-dependent manner (Kalifa et al., 
2004a; Rom et al., 2006) and competes with ABI4 for DNA 
binding in Arabidopsis (Shkolnik and Bar-Zvi, 2008). The tran¬ 
scriptional activity of ASR was further supported by evidence 
that the unfolded ASR protein in the cytosol becomes folded 
upon zinc-dependent DNA binding (Goldgur et al., 2007). 

The increased expression of ASR improves abiotic stress 
tolerance in plants. Tobacco plants overexpressing tomato 
ASR1 showed decreased germination inhibition, water loss 
from the leaves and NaCI accumulation, and increased proline 
accumulation after exposure to NaCI (Kalifa et al., 2004b). To- 
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mato ASR 7-overexpressing Arabidopsis plants exhibited ABA, 
glucose and NaCI insensitivity (Shkolnik and Bar-Zvi, 2008). 
Over-expression of wheat ASR1 gene in tobacco increased 
drought stress tolerance (Hu et al., 2013). The expression of a 
lily ASR in Arabidopsis facilitated germination in salt and re¬ 
duced dormancy, water loss from detached leaves, damage 
from abiotic stresses and stomatal closure (Yang et al., 2005). 
Lily ASR over-expressed Arabidopsis increased cold and freez¬ 
ing tolerance (Hsu et al., 2011). Plantain Asr over-expressed 
Arabidopsis increased osmotic stress tolerance (Dai et al., 2011). 
Interestingly, a grape ASR mediates the activation of sugar- 
responsive genes (Cakir et al., 2003). In potatoes, the insertion 
of the Asrl antisense gene resulted in decreased tuber fresh 
weight, whereas Asrl overexpression reduced the number of 
tubers (Frankel et al., 2007). The ASR protein acts as a down¬ 
stream component of a common signal transduction pathway 
that is shared by sugar and ABA signals (Cakir et al., 2003; 
Shkolnik and Bar-Zvi 2008). Recently, it is reported that to¬ 
bacco ASR1 mediated glucose-hormone crosstalk (Dominguez 
et al., 2013). However, the function of ASR proteins in abiotic 
stress and sugar signaling is not well understood. Most studies 
concerning ASR function have been associated with ABA sig¬ 
naling, and some ASR genes do not respond to ABA (Virlouvet 
et al., 2011). This finding indicates that an ABA-independent 
pathway is able to regulate ASR expression. 

The six ASR genes in rice are up-regulated by abiotic stress¬ 
es (Kawasaki et al., 2001; Vaidyanathan et al., 1999; Yang et 
al., 2004). Rice ASR5 silenced lines were highly aluminium 
sensitive, and ASR5 expression did not respond to aluminium 
exposure in highly aluminium sensitive clutiva (Arenhart et al., 
2013). However, data regarding the expression and regulatory 
roles of these genes are scarce. Although ASR genes have been 
reported to play an important role in various abiotic stresses 
and to be transcriptionally regulated by ABA and sugars, the 
physiological role and control mechanism of ASR genes has 
proven elusive. Coexpression analysis and comparison of cis- 
acting element of ASR genes will provide essential information. 
In this study, we described the expression of the members of 
the rice ASR gene family in various organs at different devel¬ 
opment stages and under various abiotic stresses. Our data 
showed that OsASRI and OsASR3 were the dominantly ex¬ 
pressed isoforms in rice and that these genes contain function¬ 
al cis- acting elements to respond to various factors. These 
different c/'s-acting elements conferred different sensitivities to 
stress, hormones and sugar. We also used a transgenic ap¬ 
proach to examine the functions of ASR genes and to evaluate 
the role of the ASR family in the stress response. The results 
showed that rice ASR 1 and ASR3 exhibit different tissue- 
dependent sugar and hormone sensitivities and have common 
functions in drought stress tolerance. 

MATERIALS AND METHODS 

The identification of rice ASR genes 

Rice genes encoding ASR proteins were identified using 
BLAST searches of the Oryza sativa DNA sequences in the 
National Center for Biotechnology Information database with 
the amino acid sequence of tomato ASR1 as a query. Clones 
AK119547 (OsASRI), AK105960 (OsASR2), AK066415 ( OsASR3 ), 
AK104613 (OsASR4), AK063053 ( OsASR5) and AK318549 
(OsASR6) from the KOME full-length cDNA library were se¬ 
lected from among the matches. The sequences of these 
clones were compared with sequences in the GGB EST data¬ 
base (GreenGene BioTech, Korea; http://www.ggbio.com). The 


matching clones 14ETL-06-A16 ( OsASRI ) and 14ROOT-01- 
K14 ( OsASRS ) were obtained from GGB. 

Plant materials and growth conditions 

Transgenic and non-transgenic (NT) rice plants with an Oryza 
sativa subsp. japonica cv. Nakdong background were used. 
The husked seeds were washed with 70% (v/v) ethanol for 5 
min and sterilized with 50% (v/v) commercial bleach for 15 min 
with gentle shaking. The sterilized seeds were rinsed several 
times with sterile water and germinated on solid one-half 
strength MS medium (with or without 4 jug/L of phosphinotricin 
for selection) in a growth chamber. After 3 days at 28°C in the 
dark, the germinated seedlings were incubated with a 16 h 
light/ 8 h dark cycle for 2 days at the same temperature. Finally, 
the seedlings were transplanted into soil pots and grown in the 
greenhouse until further use. The samples of each rice organ 
were prepared as described below. Embryogenic calli were 
induced from mature seeds in 2N6 solid medium containing 2 
pg/L of 2,4-dichlorophenoxyacetic acid in the dark at 28°C for 4 
weeks. The germinants (germinating shoot and root) were ob¬ 
tained from the seedlings, which were germinated on solid MS 
medium in a growth chamber at 28°C in the dark for 3 days and 
then in the light for 1 day. After germination, the seedlings were 
grown in the greenhouse for 2 weeks (to obtain young leaves 
and roots) or 4 weeks (to obtain mature leaves, roots and inter¬ 
nodes). Rice panicles at different developmental stages were 
obtained from field-grown rice plants. The young panicles were 
harvested from the sheath, measured and categorized into 
three groups (P3, 3-5 cm; P4, 10-15 cm, and P5, 15-20 cm) 
based on the length of the panicle and landmark developmental 
events (Itoh et al., 2005). The rice seeds were tagged on the 
day of pollination (0 DAP) and collected every day from 0 to 29 
DAP (SI, 0-2 DAP; S2, 3-4 DAP; S3, 5-10 DAP; S4, 11-20 
DAP; and S5, 25-29 DAP). 

RNA gel blot and quantitative real-time PCR analysis 

Total RNA was isolated from the rice tissue samples using the 
TRI REAGENT^ (Molecular Research Center) according to the 
manufacturer’s instructions. RNA gel blot analysis was per¬ 
formed with 10 pg of total RNA per lane as previously reported 
(Jang et al., 2002). The hybridization signals were measured 
using a phosphorimager analyzer (FLA 3000, Fuji, Japan). For 
quantitative real-time PCR (qRT-PCR), first strand cDNA was 
synthesized from 5 pg of total RNA as a template using oligo 
(dT)is primers according to the manufacturer’s instructions (Re- 
vertAid™ First Strand cDNA Synthesis Kit, Fermentas). A one- 
third dilution of the cDNA synthesis reaction mixture was pre¬ 
pared, and 1 pi of the diluted cDNA mixture was used as a 
template for subsequent real-time PCR analyses with 2X real¬ 
time PCR Pre-Mix containing EvaGreen (SolGent). Thermo¬ 
cycling and fluorescence detection were performed in an 
Mx3000p Real-Time PCR instrument (Stratagene). The PCR 
reaction was conducted at 95°C for 10 min, followed by 40 cy¬ 
cles of 94°C for 30 s, 55°C for 30 s and 72°C for 30 s. Each 
qRT-PCR was performed in triplicate, and each experiment 
was repeated three times. The expression data were normal¬ 
ized to the Actin gene as a control. The primers used for the 
RNA gel blot and qRT-PCR analyses are listed in Supplemen¬ 
tary Table 7. 

RiceArrayNet and promoter analysis 

The genes that are coexpressed with OsASRI and OsASR3 
were identified using the RiceArrayNet (RAN) database (Lee et 
al., 2009). The GO terms that were enriched among the top- 


422 Mol. Cells 


http://molcells.org 


OsASRs Exhibit Different Sugar and Hormone Sensitivities 

Joungsu Joo et al. 


ranked 5% of the coexpressed genes in each database were 
tested. These genes represented approximately 1,700 of the 
33,689 genes identified in RAN. To determine which GO terms 
were enriched, these genes were subjected to analysis using 
the GoMiner program (Zeeberg et al., 2003). Among the 60,000 
rice genes, 17,962 matched TAIR8 Arabidopsis genes with a 
score of at least 100 in BLASTP analyses. These 17,962 genes 
were subsequently used as a total gene set in the GoMiner 
analysis for rice, and the P-values were calculated using one¬ 
sided Fisher’s exact tests for the number of total categorized 
GO terms. The false discovery rate (FDR) values were ob¬ 
tained from 100 randomizations, and the GO terms with FDRs 
of less than 0.05 were collected. For the promoter analysis, 1.0 
-kb segments of the 5’ regulatory region of the OsASRI and 
OsASR3 genes were scanned for the presence of putative cis- 
acting elements that were identical or similar to the motifs regis¬ 
tered in Plant CARE (http://bioinformatics.psb.ugent.be/web- 
tools/plantcare/html/) and PLACE (http://www.dna.affrc.go.jp/ 
PLACE/). 

Hormone, sugar, abiotic stress treatments and chlorophyll 
fluorescence measurement 

For the hormone, sugar and abiotic stress treatments, 3-week- 
old NT plants that had been grown in a greenhouse were 
washed to remove the soil from the roots and then transferred 
to a growth chamber (28°C, 16 h light/8 h dark cycles) for 3 
days for adaptation to growth in water. After adaptation, the 
plants were treated with 100 \M ABA, 100 pJVI GA, 100 mM 
sucrose, 100 mM glucose, or 200 mM NaCI solutions or air- 
dried. The leaf and root tissues were collected separately at the 
indicated time points (0, 0.5, 2, 6, and 24 h). To test the drought 
stress resistance, 4-week-old NT and transgenic plants grown 
on soil were subjected to 3 days without water, followed by 25 
days of watering in a greenhouse. The chlorophyll fluorescence 
of 3-week-old NT and transgenic plants was measured using a 
pulse modulation fluorometer (mini-PAM, Walz, Germany). For 
the leaf disc test, the green portions of approximately 10 seed¬ 
lings were cut using scissors prior to stress treatments in vitro. 
Under continuous light at 150 |umol rrf 2 s' 1 , the leaf discs were 
air-dried for 2 h (to induce drought stress) and treated with a 
400 mM NaCI solution for 7 h at 28°C (to induce salt stress). To 
induce cold stress, the leaf discs were incubated in a 4°C 
growth chamber for 5 h under the same light conditions. After 
the stress treatments, the leaf discs were dark-adapted for 10 
min, and the minimal fluorescence level (F 0 ) was measured. 
Then, a saturating light pulse was applied, and the maximal 
fluorescence level ( F m ) was measured. The ratio of F v to F m 
(F v /F m= F m -F 0 /F m ), representing the activity of photosystem II, 
was used to assess the functional damage to the plants (Artus 
et al., 1996). The statistical significance of differences between 
groups was assessed using Student’s f-test. 

Plasmid construction and transformation of rice 

The overexpression plasmid pMJIOI contained the bar gene 
under the control of the cauliflower mosaic virus 35S promoter 
for herbicide-based selection and a pair of matrix-attachment 
region (MAR) sequences from the chicken lysozyme gene for 
stable transgene expression (Phi-Van and Stratling, 1996). The 
rice cytochrome c promoter was used to drive constitutive ex¬ 
pression (Jang et al., 2002). The coding regions of OsASRI 
and OsASR3 were PCR amplified from full-length cDNA clones 
using a pair of primers containing the attB sequence to intro¬ 
duce a Gateway® recombination site. The affB-PCR products 
were inserted into pMJIOI through BP and LR recombination 


reactions performed according to the manufacturer’s instruc¬ 
tions (Invitrogen). The sequences of the plasmids pMJIOI- 
OsASRI and pMJIOI -OsASR3 were confirmed by direct 
sequence analysis. The primers used for the PCR reactions are 
listed in Supplementary Table 7. The plasmids were introduced 
into Agrobacterium tumefaciens LBA4404 by triparental mating, 
and embryogenic calli from mature rice seeds were trans¬ 
formed. The callus induction, co-cultivation with A. tumefaciens 
and selection of transformed calli were performed as described 
previously (Jang et al., 2002). 

RESULTS 

A multigene family encodes rice ASRs 

To identify rice ASR genes, we performed BLAST searches 
against the National Center for Biotechnology Information data¬ 
base using Tomato ASR1 (Gilad et al., 1997) as a query. Using 
TBLASTN, six rice ASR genes were identified to have signifi¬ 
cant sequence identity to tomato ASR1. The ASR genes were 
named Oryza sativa ABA-, stress- and ripening-induced (OsASRI - 
6). There have been several reports describing rice ASR genes. 
However, the nomenclature of ASR genes is inconsistent. 
Therefore, we compared the previously reported rice ASR 
genes to OsASRI-6 obtained in this study (Table 1). Multiple 
alignments of the deduced amino acid sequences of OsASRs 
with other ASR protein sequences showed extensive sequence 
identity (Supplementary Fig. 1). Two highly conserved regions 
were identified: namely, an N-terminal domain containing a 
stretch of histidine residues and a C-terminal domain including 
a putative nuclear localization signal. All rice ASR genes con¬ 
tained two ABA/WDS signatures that are commonly found in 
ASRs (Canel et al., 1995) and drought stress-induced proteins 
(Padmanabhan et al., 1997). The OsASRI and OsASR3 genes 
contained a well-conserved N-terminal His stretch and a C- 
terminal PEHAHKHK motif, which might be involved in the zinc- 
dependent DNA-binding activity of ASRs (Rom et al., 2006). All 
rice ASR genes exhibited a common structure, comprising two 
exons and one intron (Supplementary Fig. 2). 

Organ- and developmental stage-specific expression of 
the OsASR genes 

An RNA gel blot analysis was conducted to examine the ex¬ 
pression of the OsASR genes in various organs (Fig. 1A). 
Transcripts of OsASRI and OsASR3 were detected in all tested 
organs except the callus, and OsASR4 was expressed only in 
the green tissues, such as young and germinated leaves. Inter¬ 
estingly, OsASRI and OsASR3 exhibited the opposite expres¬ 
sion patterns in the leaves and roots. OsASRI was transcribed 
at higher levels in the leaves than in the roots, whereas 
OsASR3 was transcribed at higher levels in the roots than in 
the leaves. The other ASR genes, namely, OsASR2, OsASR5 
and OsASR6, were not detected in the tested organs in our 
RNA gel blot analyses. To further analyze the expression of the 
OsASR genes, we performed qRT-PCR in the dissected or¬ 
gans, including mature leaves (ML), internodes (I), and mature 
roots (MR), and in panicles before (BH) and after pollination 
(AH) (Fig. 1B). The results of the qRT-PCR analysis for OsASRI, 
OsASR3 and OsASR4 were similar to those of the RNA gel 
blot analysis. Additionally, OsASRI transcripts were highly 
expressed in the internode. Although no transcripts of OsASR2, 
OsASR5 and OsASR6 were detected using RNA gel blot ana¬ 
lysis, amplicons corresponding to these genes were detected in 
specific organs using qRT-PCR. OsASR2 was transcribed at 
higher levels in the internodes, and OsASR5 and 6 were de- 
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Fig. 1. Expression analysis of OsASR genes in various organs. (A) 
RNA gel blot analyses of OsASRI, OsASR3 and OsASR4. Sam¬ 
ples from the embryogenic callus (C), germinating leaves and roots 
(G), young roots (YR), young leaves (YL) and panicles after head¬ 
ing (AH) are shown. Gene-specific labeled probes were used for 
hybridization. Ethidium bromide (EtBr) staining was used to deter¬ 
mine equal loading. (B) Quantitative real-time PCR analysis of the 
rice ASR genes. Samples from the mature leaves (ML), internodes 
(I), mature roots (MR), and panicles before (BH) and after heading 
(AH) are shown. The transcript levels were normalized to rice Actin 
levels and then compared with the expression in ML. The values 
represent the means ± SE of three biological replicates. 


tected in the roots. These results suggested that all isoforms of 
the rice ASR gene are expressed in an organ-specific manner 
and that OsASRI and OsASR3 encode the most abundant 
ASR isoforms in rice. 

ASRs are involved in various stages of plant development 
including fruit ripening and pollen maturation (Chen et al., 2011; 
lusem et al., 1993; Yang et al., 2008). To examine the roles of 


the different OsASR genes in the reproductive organs of rice 
plants, we performed a qRT-PCR analysis in plants at various 
stages of panicle and seed development (Fig. 2). The samples 
were collected according to panicle length (cm) and days after 
pollination (DAP), as follows: panicle development stages (3-5 
cm [P3], meiotic stage; 10-15 cm [P4], young microspore stage; 
15-20 cm [P5] panicle length, vacuolated pollen stage); seed 
development stages (0-2 DAP [SI], early globular embryo; 3-4 
DAP [S2], middle and late globular embryo; 5-10 DAP [S3], 
embryo morphogenesis; 11-20 DAP [S4], embryo maturation; 
25-29 DAP [S5], dormancy and desiccation tolerance). These 
stage specifications were approximated based on information 
from Itoh et al. (2005) and Jain et al. (2007). The levels of the 
OsASRI transcript increased gradually according to the panicle 
size and reached a maximum level at the P5 stage of panicle 
development. Conversely, OsASRI expression decreased gra¬ 
dually during seed development and showed relatively lower 
levels at the S4-S5 stage. OsASRI and OsASR3 showed 
similar expression patterns during these stages. It has been 
assumed that OsASRI and OsASR3 play similar roles in re¬ 
productive organ development. However, OsASR2 transcripts 
were highly expressed at the SI-S3 stage and rapidly declined 
to low expression at the S4-S5 stage during seed development. 
The level of the OsASR5 transcript was lower before pollination 
than after pollination, was markedly increased at the S2 stage 
and was maintained at half the expression level of the S2 stage 
until the S3-S5 stage. Unlike other Os ASR genes, OsASR5 
was consistently expressed at the S4-S5 stage of seed devel¬ 
opment. Thus, it has been proposed that OsASR2 and OsASR5 
have additional functions in the early and late seed develop¬ 
ment stages, respectively. OsASR4 was nearly undetectable in 
the panicle, and the expression of OsASR6 was similar to that 
of OsASR5 (Fig. IB). Therefore, OsASR4 and OsASR6 were 
excluded from further analysis. Overall, these results indicated 
that the expression of the rice ASR genes was organ- and 
panicle/seed developmental stage-specific and that each iso¬ 
form might play different roles in the different organ/develop¬ 
mental stages. 

The response of OsASR transcript levels to abiotic stress 
treatments 

To evaluate the relationships between the OsASR genes and 
abiotic stress in the rice plant, the expression levels of these 
genes in response to ABA, drought and high salt treatments 
were analyzed (Fig. 3). Under all conditions tested, OsASRI, 
OsASR2 and OsASR4 expression was detected predominantly 
in the leaves, but OsASR3, OsASR5 and OsASR6 expression 
was detected predominantly in the roots. OsASRI and OsASR2 
transcripts were induced in response to ABA, drought and high- 
salinity treatments in the leaves and significantly increased 
under drought stress in the roots. OsASR4 transcripts were 
induced in response to ABA and drought treatments in the 
leaves as well as the roots, whereas they were repressed by 
high salinity in the leaves. OsASR3, OsASR5 and OsASR6 
were highly induced in the roots and leaves in response to 
drought treatment. However, these genes showed a transient 
increase in expression in response to ABA treatment (0.5 h) 
and late induction under salt stress (6 or 12 h) in the roots. All 
six OsASR transcripts were most highly induced by drought 
treatment in both tissues. These data suggested that each rice 
ASR isoform might be subject to differential spatial and/or tem¬ 
poral regulation in response to various environmental condi¬ 
tions in vegetative tissues. Through a series of expression ana¬ 
lyses, OsASRI and OsASR3 were found to encode the most 
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Fig. 2. Expression analysis of OsASR genes at different 
reproductive stages. The relative expression levels of OsASR 1, 
OsASR2, OsASR3 and OsASR5 were determined using 
quantitative real-time RT-PCR analysis with gene-specific 
primers. The young panicles and developmental seeds were 
divided into three (P3, 3-5 cm; P4,10-15 cm; P5,15-20 cm of 
panicle length) and five groups (SI, 0-2 DAP; S2, 3-4 DAP; 
S3, 5-10 DAP; S4, 11-20 DAP; S5, 25-29 DAP), respectively. 
The transcript levels were normalized to rice Actin transcrip¬ 
tion and then compared with the expression in P3. The val¬ 
ues represent the means ± SE of three biological replicates. 
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Fig. 3. Analysis of OsASR gene 
expression under abiotic stress con¬ 
ditions. The relative expression of 
OsASR genes in the leaves and roots 
in response to 100 jaM ABA, 200 mM 
NaCI or drought stress treatments was 
determined using quantitative real¬ 
time RT-PCR. The transcript levels 
were normalized to rice Actin tran¬ 
scription and then compared with the 
expression levels at time zero in the 
leaves (for OsASRI, OsASR2 and 
OsASR4) or roots ( OsASR3 , OsASR5 
and OsASR6). The values represent 
the means ± SE of three biological 
replicates. 
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Table 1. Comparison of the previously reported rice ASR genes with OsASR1-6 obtained in this study 


This study 

Philippe et al. 

Frankel et al. 

Vaidyanathan et al. 

Takasaki et al. 

Kim et al. 

(2010) 

(2006) 

(1999) 

(2008) 

(2009) 

OsASRI 

Asr5 

Asr5 

OsAsrl 

ASR5 

OsAsrl 

OsASR2 

Asr4 

Asr6 




OsASR3 

Asr3 

Asrl 

OsAsr2 



OsASR4 

Asr6 

Asr2 




OsASR5 

Asrl 

Asr4 




OsASR6 

Asr2 

Asr3 





Table 2. GO categories shared among genes coexpressed with OsASRI and OsASR3 


Name space 

GO ID 

Term 

Over 3 or 

UndeP 

Common 

genes c 

OsASRI 

OsASR3 

Biological process 

G0:0050896 

Response to stimulus 

70 

120 

8 


G0:0006950 

Response to stress 

44 

79 

5 


G0:0009628 

Response to abiotic stimulus 

41 

46 

5 


G0:0019748 

Secondary metabolic process 

20 

22 

3 


G0:0009416 

Response to light stimulus 

20 

18 

2 


G0:0009698 

Phenylpropanoid metabolic process 

10 

14 

2 


G0:0006955 

Immune response 

9 

14 

2 


G0:0009415 

Response to water 

8 

11 

2 


G0:0009414 

Response to water deprivation 

8 

11 

2 


G0:0065007 

Biological regulation 

47 

110 

4 


G0:0050789 

Regulation of biological process 

43 

104 

3 


G0:0032502 

Developmental process 

28 

73 

5 


G0:0007275 

Multicellular organismal development 

28 

65 

5 


G0:0032501 

Multicellular organismal process 

29 

65 

5 


G0:0048513 

Organ development 

14 

30 

2 


G0:0048731 

System development 

14 

30 

2 

Cellular component 

00:0044427 

Chromosomal part 

8 

14 

- 

Molecular function 

G0:0003824 

Catalytic activity 

176 

272 

25 


G0:0009882 

Blue light photoreceptor activity 

2 

3 

1 


G0:0003677 

DNA binding 

40 

84 

1 


G0:0030528 

Transcription regulator activity 

33 

82 

1 


G0:0003700 

Transcription factor activity 

27 

73 

1 


a Number of genes coinduced with OsASRI or OsASR3 (bold letters). 
b Number of genes inversely regulated with OsASRI or OsASR3 (italic letters). 
c Number of genes commonly coregulated with OsASRI and OsASR3. 


abundant ASR isoforms in rice and to be up-regulated in re¬ 
sponse to drought treatment. Interestingly, OsASRI and OsASR3 
exhibited different responses to ABA. To further analyze the 
roles of the rice ASR genes, we focused on the functions of 
OsASRI and OsASR3 in this study. 

Coexpression analysis of OsASRI and OsASR3 

To further characterize the biological functions of the two major 
rice ASR isoforms, coexpression analyses based on microarray 
data were performed for OsASRI and OsASR3 using the 
RiceArrayNet database (RAN; http://www.ggbio.com/arraynet) 


(Lee et al., 2009). Using the criterion of correlation coefficient ( r) 
> 0.5 and < -0.5, we identified 796 and 2206 coexpressed 
genes for OsASRI and OsASR3, respectively (Supplementary 
Tables 1 and 2). These gene sets were subjected to analysis 
using the GoMiner program (http://discover.nci.nih.gov/go- 
miner/) (Zeeberg et al., 2003) to identify Gene Ontology (GO) 
terms that were enriched in each set. Of the genes that were 
coexpressed with OsASRI and OsASR3, 606 and 1350 had 
TAIR8 counterparts, respectively (Supplementary Tables 3 and 
4), and these sets of genes were enriched for 128 and 191 GO 
categories with a false discovery rate (FDR) cutoff of < 0.05 
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Table 3. Distinct GO categories of genes coexpressed with OsASRI and OsASR3 


Name space 

. K 

Subcategory of related GO categories (X N ) 

OsASRI 

OsASR3 

Biological process 

Photosynthesis (18/51) 

Carbohydrate metabolism (11/51) 

Response to stimulus (23/49) 

DNA/RNA process (16/78) 

Reproductive development (15/78) 

Gene silencing (9/78) 

Chromatin/histone modification (8/78) 

Cellular component 

Plastid/Chloroplast (19/43) 

Photosystem (8/43) 

Nucleus (5/12) 

Proteasome complex (4/12) 

Molecular function 

Oxidoreductase activity (3/8) 

Related to translation (4/15) 

DNA polymerization (4/15) 


a Number of GO categories belonging to this subcategory. 
b Number of GO categories belonging to name space. 

Bold letters indicate GO categories of genes that are coinduced with OsASRI or OsASR3. 

Italic letters indicate GO categories of genes that are inversely regulated with OsASRI or OsASR3. 


(Supplementary Tables 5 and 6). A comparison of the GO 
categories that were enriched among the genes that were co¬ 
expressed with the two rice ASR genes revealed that 22 GO 
categories were coregulated with both OsASRI and OsASR3 
(Table 2). The biological processes that were coinduced with 
OsASRI and OsASR3 included response to abiotic stress and 
secondary metabolic processes. Additionally, the genes in the 
GO categories associated with organ development were in¬ 
versely regulated with OsASRI and OsASR3 expression. 
Genes that were annotated with the molecular function of “tran¬ 
scription activity” were negatively and positively correlated with 
OsASRI and OsASR3 expression, respectively. Although many 
genes in the 22 shared GO categories were coexpressed with 
OsASRI or OsASR3, only a few genes were commonly co¬ 
regulated with both OsASR genes. These results suggest that 
OsASRI and OsASR3 are both involved in the abiotic stress 
response but are alternatively regulated and are coexpressed 
with distinct sets of genes. Interestingly, different GO terms 
were enriched for the genes coexpressed with OsASRI and 
OsASR3 (Table 3). OsASRI expression was predominantly 
coinduced with genes that are involved in photosynthesis and 
carbohydrate metabolism. OsASR3 expression was inversely 
regulated with genes that are associated with several nuclear 
processes. The distinct coexpression patterns for these two 
OsASR genes suggest that OsASRI and OsASR3 might func¬ 
tion differently in various biological pathways. 

Analysis of the cis -acting elements in the 5' regulatory 
regions of OsASRI and OsASR3 

The characterization of the cis- acting region bound by transcrip¬ 
tion factors (TFs) that control gene expression often provides 
essential information about gene function. Therefore, the ge¬ 
nomic sequences 1.0 kb upstream of the translational start sites 
of the OsASRI and OsASR3 genes were analyzed for the 
presence of cis- acting elements that could control the expres¬ 
sion of the OsASRI and OsASR3 genes using promoter pre¬ 
diction software. Several functionally significant cis- acting ele¬ 
ments associated with stress response, hormonal regulation, 
carbon metabolism and development were identified within the 
promoter regions of the OsASRI and OsASR3 genes, and their 
predicted functions and frequencies are summarized in Table 4. 


Drought-associated cis- acting elements, including dehydration- 
responsive element (DRE), Erdl, MYB and MYC; the tempera¬ 
ture-associated cis- acting element low temperature response 
element (LTRE); and the pathogen or insect wound-associated 
c/s-acting W-box element were present at varying frequencies 
in the regulatory regions of both genes. The wound-responsive 
element (WRE) and RAVI protein recognition sequence (RAVI) 
motifs were uniquely detected in OsASRI and OsASR3, re¬ 
spectively. Interestingly, multiple abscisic acid-responsive ele¬ 
ment (ABRE) motifs were detected only in the OsASRI regula¬ 
tory region. In contrast, gibberellic acid (GA)-associated c/s- 
acting elements, such as gibberellin responsive element (GARE), 
CAACTC regulatory elements (CARE), the pyrimidine box and 
the TA/Amy box, were detected only in the OsASR3 gene regu¬ 
latory region. The auxin response factor (ARF) binding site and 
CGCG box were also detected only in OsASR3. In addition, the 
sucrosebox, which is associated with sugar responsive gene 
expression, was detected in the regulatory regions of both 
genes, carbohydrate metabolite signal responsive element 1 
(CMSRE-1) and sucrose responsive element (SURE) were 
detected in the OsASRI regulatory region. The CGACG ele¬ 
ment, which is required for rice alpha-amylase Amy3D expression 
in response to sugar starvation, was detected in the OsASR3 
regulatory region. Most of the cis- acting elements involved in 
seed-specific and meristem expression, such as Skn-1, RY and 
the TGTCACA-motif, were found within the 5' regulatory region 
of the OsASR3 gene; the ACGT motif, which is involved in 
seed-specific expression, was found upstream of the OsASRI 
gene. Moreover, sulfur responsive element (SuRE), light box 
element (l-box) and CGCG BOX were detected in the regu¬ 
latory regions of both genes. GT elements were detected up¬ 
stream of OsASR3 only. The analysis of the 5' regulatory re¬ 
gions of OsASRI and OsASR3 revealed that these genes con¬ 
tain common cis- acting elements involved in the stress re¬ 
sponse and different cis- acting elements involved in hormone 
regulation, the sugar response and tissue-specific expression. 
These results suggest that stress, sugar and hormones are the 
key regulators of OsASRI and OsASR3 expression. In particu¬ 
lar, ABA and GA/auxin might affect different regulatory path¬ 
ways through OsASRI and OsASR3, respectively. 

As shown in Fig. 3, OsASRI and OsASR3 transcripts were 
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Table 4. Potential cis -acting regulatory elements in the promoters of OsASRI and OsASR3 genes 


Class 

Cis- acting 

Sequence 

Copy number 

Function 

References 

elements 

OsASRI 

OsASR3 

Stress 

DRE 

A/GCCGAC, RYCGAC, 
GTCGAC 

3 

4 

Salt/drought responsive element 

Dubouzet et al. (2003); 
Xue (2002) 


LTRECORE 

CCGAC 

2 

2 

C-repeat/dehydration responsive ele¬ 
ment 

Kim et al. (2002) 


RAV1AAT 

CAACA 


4 

RAVI protein recognition sequence 

Kagaya et al. (1999) 


Erdl 

ACGT 

4 

2 

Required for early response to dehydra¬ 
tion 

Simpson et al. (2003) 


WRE 

AAWGTATCSA 

1 


Wound-responsive element 

Palm et al. (1990) 


MYB 

WAACCA, TAACTG, 
CNGTTR, YAACKG, 
GGATA, CAACTG 

7 

13 

Involved in regulation of drought induc¬ 
ible gene expression 

Abe et al. (2003); Shino- 
zaki and Yamaguchi- 
Shinozaki (2000) 


MYC 

CATGTG, CACATG 

2 

1 

Involved in early response to drought 
and ABA induction 

Abe et al. (2003); Shino- 
zaki and Yamaguchi- 
Shinozaki (2000) 


W-box 

TTGAC, TGACT, 

TGACY, TGAC 

3 

5 

Involved in activation of genes involved 
in response to wounding and defense 

Eulgem et al. (2000); 
Maleck et al. (2000) 

ABA 

ABRE 

(C/A)ACG(T/C)G(T/C/G) 

5 


Abscisic acid responsive element 

Kaplan et al. (2006) 

Auxin 

ARF (AuRE) 

TGTCTC 


1 

Involved in Auxin responsiveness 

Ulmasov et al. (1999) 

GA/ 

Pyrimidine box CCTTTT 


1 

Partially involved in sugar repression 

Washio (2003) 

Sugar 

GARE 

TAACAA(G/A), 

TATCCCA 


2 

Involved in GA responsiveness 

Gubler and Jacobsen 
(1992); Ogawa et al. 
(2003) 


TA/Amy box 

TATCCA, TATCCAY 


2 

Involved in tissue-specific sugar 
sensitivity of alpha-Amylase 

Chen et al. (2006); 
Toyofuku et al. (1998) 


CAREs 

CAACTC 


1 

GA-inducible expression of hydrolase 
genes 

Sutoh and Yamauchi 
(2003) 

Sugar 

CGACG 

element 

CGACG 


1 

Required for rice alpha-amylase Amy3D 
expression during sugar starvation 

Hwang et al. (1998) 


Sucrose box 

NNAATCA 

6 

6 

Required for sugar responsive gene 
expression 

Chen et al. (2002); 

Fillion et al. (1999) 


CMSRE-1 

TGGACGG 

1 


Involved in the sucrose-inducible gene 
expression 

Morikami et al. (2005) 


SURE 

AATAGAAAA 

1 


Sucrose Responsive Element 

Grierson et al. (1994) 

Tissue 

ACGT motif 

GTACGTG 

2 


Minimal c/s-element requirements for 
seed-specific expression 

Blackwell et al. (1994); 
Wu et al. (2000) 


Skn-1_motif 

GTCAT 


2 

Required for seed-specific expression 

Blackwell et al. (1994) 


RY-motif 

CATGCATG 


2 

Involved in seed-specific regulation 

Ezcurra et al. (1999) 


TGTCACA 

motif 

TGTCACA 


1 

Involved in fruit-specific expression 

Yamagata et al. (2002) 

Others 

SuRE 

GAGAC 

1 

2 

Sulfur responsive element 

Maruyama-Nakashita 
et al. (2005) 


l-box 

GATAA 

3 

4 

Light box element 

Lopez-Ochoa et al. 
(2007) 


CGCG BOX 

VCGCGB 

1 

8 

Involved in ethylene signaling, abscisic 
acid signaling, and light signal 
perception 

Yang and Poovaiah 
(2002) 


GT elements 

GGTTAA 


1 

Involved in cell type-specific transcrip¬ 
tional control 

Villain et al. (1996) 
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Fig. 4. Regulation of OsASRI and OsASR3 expression through GA, sucrose, and glucose treatments. The relative expression levels of the 
OsASRI and OsASR3 genes in the leaves and roots in response to 100 pM GA (A), 100 mM sucrose (B) or 100 mM glucose (C) were deter¬ 
mined using quantitative real-time RT-PCR. The transcript levels were normalized to rice Actin transcription and then compared with the ex¬ 
pression at time zero in the leaves or roots. The values represent the means ± SE of three biological replicates. 
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Fig. 5. The overexpression of OsASRI and OsASR3 in trans¬ 
genic rice plants. (A) The overexpression plasmid contains a 
constitutive OsCcI promoter cloned upstream of the OsASRI 
or OsASR3 coding region, the 3' region of the potato proteinase 
inhibitor II gene (3' pinlt) and a Basta resistance gene expres¬ 
sion cassette that contains the 35S promoter, the bar coding 
region and the 3' region of the nopaline synthase gene (3' nos). 
LB, left border; RB, right border. (B) RNA gel blot analysis of 
OsASRI- or OsASR3- overexpressing transgenic rice. Total 
RNA was isolated from the leaves of three homozygous T4 lines 
of OsASRI- OX, OsASR3- OX and NT plants. The full-length 
CDS for OsASRI and OsASR3 and the 3' region of pinil ( Pina¬ 
s' UTR) were used as probes for hybridization. EtBr staining 
was used to confirm equal RNA loading. 


significantly up-regulated in both the leaves and roots after 
drought treatment. These results suggest that the drought- 
associated c/s-acting elements DRE, Erdl, MYB and MYC in 
the regulatory regions of both genes sufficiently affected OsASRI 
and OsASR3 expression. Moreover, ABA treatment markedly 
up-regulated the OsASRI transcription in the leaves compared 
with that in the roots. In contrast, OsASR3 transcription was 
repressed and transiently increased in response to ABA in the 
leaves and roots, respectively. This result was consistent with 
the presence of multiple ABREs in the 5' regulatory region of 
the OsASRI gene but not the OsASR3 gene. Interestingly, the 
induction of OsASRI transcription through the responses of 
these ABREs to ABA was more sensitive in the leaves than in 
the roots. To quantitatively verify the regulation of OsASRI and 
OsASR3 gene expression by different cis- acting elements, we 
performed qRT-PCR under various conditions. In response to 
exogenous GA treatment (Fig. 4A), the expression of OsASR3 
was dramatically up-regulated compared with that of OsASRI 
in the roots but not in the leaves. This result was consistent with 
the fact that GA-associated cis- acting elements are present 
only in the OsASR3 gene and the fact that OsASR3 was ex¬ 
pressed in response to GA in a root-specific manner. The tis¬ 


sue-specific induction of OsASRI and OsASR3 was also ob¬ 
served in response to sucrose/glucose treatments. The results 
of the sucrose feeding experiment showed that the OsASRI 
and OsASR3 transcripts were notably up-regulated in the 
leaves and roots, respectively (Fig. 4B). OsASRI transcription 
was slowly induced in response to sucrose in the roots, and 
OsASR3 transcription was less sensitive in the leaves than in 
the roots. The results of the glucose feeding experiment showed 
that OsASR3 transcription was markedly up-regulated in a root- 
specific manner, whereas the expression of OsASRI was only 
slightly induced in both tissues (Fig. 4C). These results indi¬ 
cated that the expression of OsASRI was predominantly in¬ 
duced in the leaves in response to sucrose, whereas that of 
OsASR3 was specifically induced in the roots in response to 
both sucrose and glucose. Thus, the expression of OsASRI 
and OsASR3 is controlled via a tissue-dependent sugar and 
hormone-sensitive regulation mechanism. ABA and sucrose 
positively regulated the expression of OsASRI in the leaves, 
and GA and sucrose/glucose positively regulated the expres¬ 
sion of OsASR3 in the roots. 
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Fig. 6. Abiotic stress assays of OsASRI -OX and OsASR3 -OX transgenic rice. (A) Drought stress tolerance of OsASRI -OX and OsASR3-OX 
transgenic plants. Three independent homozygous T4 lines of OsASRI -OX and OsASR3 -OX and NT controls were subjected to 3 days of 
drought stress followed by 25 days of re-watering. Pictures were taken at 0 and 2 days after water draining (DO and D2) and at 5, 11 and 25 
days after re-watering (R5, R11 and R25). (B) Changes in the chlorophyll fluorescence (F v /F m ) of OsASRI -OX and OsASR3 -OX transgenic 
plants in response to drought, cold (4°C) or salt (400 mM NaCI) stress. Leaf discs from transgenic and NT plants were used for the experi¬ 
ments. The data represent the means ± SE (n= 9) of three independent experiments. Asterisks indicate statistically significant differences from 
NT, as calculated using Student’s f-test. *p < 0.05; **p < 0.005; ***p < 0.001. 


The ectopic expression of two major OsASR genes 
improved drought stress tolerance 

To examine the roles of OsASRI and OsASR3 in rice plants, 
we constructed rice transformation plasmids (Fig. 5A) in which 
the OsASRI and OsASR3 coding sequences were expressed 
under the control of the constitutive rice cytochrome c promoter 
(OsCcV, Jang et al., 2002). Transgenic rice plants overexpress¬ 
ing OsASRI (OsASRI- OX) and OsASR3 (OsASR3- OX) were 
obtained via the Agrobacterium-rr\ed\a.teti transformation method. 
The ectopic expression of the transgenes in OsASRI-OX and 
OsASR3-OX plants was confirmed using RNA gel blot analysis 
(Fig. 5B). The transcript levels of OsASRI and OsASR3 were 
enhanced in individual transgenic lines relative to the NT control. 
Endogenous OsASRI expression was also detected in NT. To 
distinguish between the endogenous and exogenous OsASRI, 
a probe recognizing the Pinll 3' UTR region was used. OsASRI 
transcripts containing Pinll 3' UTR were clearly detected in all of 
the transgenic lines, except for NT, and were highly expressed 
in lines 4 and 5 compared with line 6. Ti to T 4 seeds were col¬ 
lected from individual transgenic plants, and three independent 
homozygous T 4 lines for each construct were subjected to fur¬ 
ther analysis. 

To evaluate the responses of the OsASRI- OX and OsASR3- 
OX plants to water deficit, 4-week-old NT and T 4 transgenic 
seedlings were subjected to drought stress for 3 days, followed 
by re-watering (Fig. 6A). During re-watering, most of the trans¬ 


genic plants showed better recovery from drought stress and 
more stimulated growth than the severely injured NT plants. In 
OsASRI-OX plants, the ability to recover from drought stress 
was highest in line 4 and lowest in line 6, consistent with the 
levels of OsASRI expression in these plants (Fig. 5B). The 
drought-stressed plants exhibited visual symptoms, such as 
leaf wilting and rolling, with a concomitant loss of chlorophyll. To 
further verify the stress tolerance of OsASRI-OX and OsASR3- 
OX plants, we measured the variations in the chlorophyll fluo¬ 
rescence ratio ( F v /F m ) after abiotic stress treatments. F v /F m is a 
parameter that is widely used to indicate the maximum fluores¬ 
cence after dark adaptation, representing the maximum quan¬ 
tum yield of PSII. The chlorophyll fluorescence ratio is pre¬ 
sented as the ratio of the variable fluorescence (F v ) to the 
maximum fluorescence value (F m ). Healthy plants typically 
achieve a maximum F v /F m value of approximately 0.85, and 
lower values are observed in plants that are exposed to biotic 
or abiotic stress factors. For the stress treatments, leaf discs 
from 3-week-old transgenic and NT seedlings were exposed to 
drought, cold (4°C) and salt stress (400 mM NaCI), and the 
associated reductions in the F v IF m values were measured (Fig. 
6B). The values of F v /F m were approximately 50% and 25% 
higher in the OsASRI-OX and OsASR3-OX plants, respectively, 
than in the NT plants under the drought stress condition. Under 
cold stress conditions, both transgenic plants showed signifi¬ 
cantly higher values for F v /F m than did the NT plants. However, 


430 Mol. Cells 


http://molcells.org 























































OsASRs Exhibit Different Sugar and Hormone Sensitivities 

Joungsu Joo et al. 


OsASRI- OX and OsASR3- OX plants showed no difference 
from the NT plants in response to salt stress. The results of the 
stress experiments confirmed that the overexpression of 
OsASRI and OsASR3 in transgenic rice increases the toler¬ 
ance to drought stress during the vegetative stage. 

DISCUSSION 

Rice ASR genes are a small gene family with a simple structure. 
There are six ASR genes in rice; however, their expression 
patterns have not yet been analyzed. In the present study, all 
six identified rice ASR genes were isolated and characterized. 
The two most abundant isoforms, OsASRI and OsASR3, were 
selected for further analysis to characterize their expression 
profiles and regulatory mechanisms. The gene expression ana¬ 
lyses performed here revealed the differential expression of 
ASR isoforms associated with distinct plant structural regions 
and environmental conditions (Fig. 1). The OsASR genes are 
expressed in both the vegetative and reproductive organs (Fig. 
2). In the vegetative organs, OsASRI and 4 were predomi¬ 
nantly expressed in the leaves, while OsASR3 was expressed 
mainly in the roots. OsASRI and OsASR3 were also predomi¬ 
nantly expressed in the panicles. The expression of OsASRI 
and OsASR3 was similar during panicle development, increa¬ 
sing gradually with panicle size and rapidly decreasing after the 
S3 stage. Moreover, similar to other plant ASRs, OsASRI and 
OsASR3 were highly up-regulated in response to drought (Ka- 
lifa et al., 2004b; Shkolnik and Bar-Zvi, 2008; Yang et al., 2005). 
Rice is most susceptible to drought stress at the reproductive 
stage (Pantuwan et al., 2002). A dramatic reduction in grain 
yield occurs when drought stress coincides with irreversible 
reproductive processes (Pantuwan et al., 2002; Price and Cour- 
tois, 1999). The lily ASR exhibits a marked increase in LLA23 
translocation from the cytoplasm to both nuclei of pollen grains 
in 12-cm buds prior to the commencement of desiccation during 
anther development (Yang et al., 2008). The expression pat¬ 
terns and functions of the OsASR genes suggested that 
OsASRI and OsASR3 might play roles in drought response 
during pollen maturation and/or panicle development. However, 
the expression of OsASR5 was relatively low before pollination 
but markedly increased after pollination, and it remained high 
until the late stage of seed development. In association with an 
increase in endogenous ABA content, FaASR transcripts were 
markedly induced at the ripening stage, remaining high at the 
late ripening stages (Chen et al., 2011). OsASR5 is also ex¬ 
pressed in response to ABA, and its expression pattern during 
seed development is similar to that of FaASR. These results 
suggest that OsASR5 might be involved in rice seed matura¬ 
tion/desiccation. 

ASR genes have been implicated in plant responses to envi¬ 
ronmental signals, and they are typically up-regulated in re¬ 
sponse to ABA and abiotic stress (Cakir et al., 2003; Jeanneau 
et al., 2002; Yang et al., 2005). Recently, it has been reviewed 
that ASR can be used to improve crops and economically im¬ 
portant plants against various environmental stresses (Wang et 
al., 2013). Increases in OsASRI transcript levels were also 
observed in response to ABA and abiotic stress treatments (Fig. 
3, OsASRI). These results are consistent with the up-regula¬ 
tion of rice Asrl (OsASRI in this study) in response to osmotic 
stress and the exogenous application of ABA (Vaidyanathan et 
al., 1999). Unlike OsASRI and other plant ASRs, which are up- 
regulated in response to ABA, the expression of OsASR3 tran¬ 
scripts only transiently increased or decreased in response to 
the ABA in the roots and leaves, respectively (Fig. 3, OsASR3). 


It was recently shown that the expression of ZmASR5 tran¬ 
scripts was down-regulated in response to ABA treatment. A 
phylogenetic tree analysis revealed that ZmASR5 and OsASR3 
belong to the same subclade 11-1 (Virlouvet et al., 2011). These 
results indicated that OsASR3 and ZmASR5 expression in 
response to ABA might be similarly regulated in monocot plants. 
Our data showed that the expression of ASRs could be re¬ 
gulated differently in different tissues and in response to differ¬ 
ent abiotic stresses, suggesting that members of the rice ASR 
gene family might perform multiple functions, depending on the 
vegetative and developmental stage, under different environ¬ 
mental conditions. Recently, it has been reported that the over¬ 
expression of ASR1 in maize showed a decrease in branched- 
chain amino acid biosynthesis and changes in BCAA-related 
gene expression (Virlouvet et al., 2011). The physiological roles 
and the developmental and environmental dependence of ASR 
gene expression should be studied further. 

The RAN analysis showed that OsASRI and OsASR3 were 
coexpressed with non-overlapping gene sets with similar 
process annotation profiles (Table 2) and with different genes in 
distinct processes (Table 3). The different coexpression pat¬ 
terns of these two genes indicate that their expression is regu¬ 
lated through distinct pathways. To obtain essential information 
relevant to the regulation of these genes, we analyzed the 
regions upstream of the OsASRI and OsASR3 genes using 
Plant CARE and PLACE (Table 4). We uncovered potentially 
important cis- acting elements that are associated with the 
stress response, hormonal regulation, carbon metabolism and 
development, specifically DRE, the binding site for AP2/ERF 
TFs (Dubouzet et al., 2003; Xue, 2002), implying that TFs in 
this family might participate in the transcriptional regulation of 
OsASRI and OsASR3. DRE binding proteins (DREBs) are 
important plant TFs that regulate the expression of many 
stress-inducible genes in a primarily ABA-independent manner 
(Lata and Prasad, 2011). Interestingly, the interaction of grape 
ASR proteins with a DREB was demonstrated using yeast two- 
hybrid screening and the BiFC approach (Saumonneau et al., 
2008). DREBs might function as trans- acting elements for the 
mRNA expression of ASR proteins and other proteins involved 
in the formation of the hetero-protein complex. Additional drought- 
associated cis- acting elements, such as Erdl, MYB and MYC, 
are present in the regulatory regions of both genes. The MYB 
and MYC TFs, which serve as activators in one of the ABA- 
dependent regulatory systems in response to drought stress, 
recognize MYB and MYC sites (Abe et al., 2003). The multiple 
drought-associated cis- acting elements and corresponding 
binding proteins for the OsASRI and OsASR3 regulatory sys¬ 
tem are consistent with the finding that OsASRI and OsASR3 
transcripts were greatly up-regulated after drought treatment 
(Fig. 3). 

The expression levels of the two most abundant isoforms, 
OsASRI and OsASR3, were primarily enriched in the leaves 
and roots, respectively. The application of different hormones 
differentially regulated the expression of these genes in their 
target tissues. OsASRI was up-regulated by ABA treatment in 
the leaves, whereas OsASR3 was up-regulated by GA treat¬ 
ment in the roots (Figs. 3 and 4A). ABRE is a c/'s-acting ele¬ 
ment that regulates dehydration-responsive gene expression in 
Arabidopsis and rice (Kang et al., 2002; Uno et al., 2000). ABA- 
responsive gene expression requires multiple ABREs or an 
ABRE with a coupling element as a functional promoter (Shen 
et al., 1996). Multiple ABRE motifs were detected in the regula¬ 
tory regions of OsASRI only. A group of drought and salinity- 
induced trans- acting factors belonging to the bZIP class of pro- 
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teins interact with ABREs to mediate the ABA-dependent induc¬ 
tion of stress response genes (Kang et al., 2002; Uno et al., 
2000). Thus, the rice bZIP proteins might participate in the 
transcriptional regulation of OsASRI via ABA-dependent path¬ 
ways. 

GA is an important phytohormone that controls many aspects 
of plant growth and development. The GARE sequence plays a 
fundamental role as a mediator of GA activity because changes 
in this sequence cause a major reduction in GA-driven gene 
expression (Gubler and Jacobsen, 1992). The GA response 
complex (GARC) includes the 02SA/V box, the pyrimidine box, 
the GARE sequence and the TA/Amy box (Gubler et al., 1999; 
Lanahan et al., 1992; Sun and Gubler, 2004; Zhang et al., 2004). 
The 5' regulatory region of OsASR3 contained a complete 
GARC. Additionally, CAREs, which are involved in the GA re¬ 
sponsiveness and GAMyb transactivation of a cysteine pro¬ 
teinase (REP-1), were detected in the regulatory region of that 
gene (Sutoh and Yamauchi, 2003), showing that two pairs of 
GAREs and CAREs were necessary and sufficient to confer the 
GA inducibility of the REP-1 gene. GARE and CARE se¬ 
quences were also detected within the promoters of the rice a- 
amylase gene RAmylA and the barley proteinase gene EPB1, 
which are both expressed in germinating seeds. Mutations in 
CARE result in a loss of GA inducibility and GAMyb transactiva¬ 
tion, suggesting that CARE is the regulatory element responsi¬ 
ble for the GA-inducible expression of hydrolase genes in ger¬ 
minating seeds. The presence of GARE and CARE motifs in 
the 5’ regulatory region of the OsASR3 gene might be evidence 
of an association between OsASR3 and the carbon/energy 
demand of the cell during the induction of plant growth and 
development by gibberellins. 

Plantain Asr over-expressed transgenic Arabidopsis showed 
increased soluble sugars (Dai et al., 2011). Asrl silenced Nico- 
tiana tabacum plants showed higher levels of leaf glucose, but 
reduction of transcript levels of Htl ortholog, on the other hand, 
over-expressed lines showed no variation in sugar contents in 
leaves (Dominguez et al., 2013). The in silico analysis of the 
OsASRI and OsASR3 gene promoters revealed sucrose boxes, 
which are associated with sugar-responsive gene expression, 
in both regulatory regions. In addition, CMSRE-1 (carbohydrate 
metabolite signal responsive element 1) and SURE (sucrose 
responsive element) were detected in OsASRI only, whereas 
the CGACG element, which is required for rice oc-amylase 
Amy3D expression during sugar starvation, was found in OsASR3 
only. We analyzed the relationship between sugar exposure 
and the expression of the two OsASR genes, and our data 
showed that their expression in their target tissues was con¬ 
trolled through different sugar signals (Fig. 4). The expression 
of OsASRI transcripts in the leaves was significantly enhanced 
after sucrose treatment, whereas the expression in the leaves 
and roots was only slightly increased after glucose treatment. 
This result suggests that sucrose itself, but not the readily pro¬ 
duced hexoses, might be an actual inducer of OsASRI expres¬ 
sion. OsASR3 transcripts were strongly up-regulated in the 
roots after treatment with both sucrose and glucose. Taken 
together, these results suggest that the expression of OsASRI 
and OsASR3 was differentially regulated by stress, hormones 
and sugar via tissue-dependent factors. The relationship to 
tissue-specific regulation and the functional roles of the two 
OsASR genes requires further study. 

Abiotic stresses, such as drought, salinity and extreme tem¬ 
peratures, are among the key factors that determine crop yield 
and quality. Abiotic stresses cause an average yield loss of 
>50% in most major crop plants (Boyer, 1982). Therefore, it is 


important to understand the abiotic stress response to improve 
the yield and quality of crops. Rice is a notoriously drought- 
susceptible crop due in part to its small root system, rapid 
stomatal closure and reduced cuticular wax production during 
mild water stress (Hirasawa, 1999). Transgenic rice plants that 
constitutively overexpress OsASRI and OsASR3 show im¬ 
proved drought stress tolerance (Fig. 6A). Differences in the 
optimal quantum yields of the transgenic plants further support 
the increased drought and cold tolerance phenotypes (Fig. 6B). 
However, there was no difference between NT and transgenic 
rice plants in the response to salt stress. Although many ASR 
genes were reported to involve in various abiotic and biotic 
stresses (Dai et al., 2011; Hsu et al., 2011; Jeanneau et al., 
2002; Kalifa et al., 2004b; Liu et al., 2010; Shkolnik and Bar-Zvi, 
2008; Virlouvet et al., 2011; Yang et al., 2005), the exact mo¬ 
lecular mechanism remains unclear. The stress tolerance con¬ 
ferred by the overexpression of rice ASRs might confirm the 
following assumptions about their activities based on common 
ASR properties: (1) an enhanced water-retaining ability (Yang 
et al., 2005), (2) chaperone-like activity (Konrad and Bar-Zvi, 
2008), (3) transcription factor activity (Cakir et al., 2003; Frankel 
et al., 2007; Kalifa et al., 2004a; Saumonneau et al., 2008) and 
(4) effective ROS scavenging activity (Hu et al., 2013; Kim et al., 
2012). Our data showed that OsASRI and OsASR3 are ex¬ 
pressed and regulated differentially but have common functions 
in abiotic stress tolerance. 

Plants encounter a wide range of environmental insults, hor¬ 
monal changes and metabolic demands during cellular growth 
and different developmental stages during a typical life cycle. 
This study demonstrated that the six rice ASR genes are differ¬ 
entially expressed in various tissues during different develop¬ 
mental stages; in particular, the expression of OsASRI and 
OsASR3 is differently regulated by stress, hormone and sugar 
signals in target tissues. The rice ASR genes might influence a 
broad range of plant systems, including stress, hormone and 
sugar status, at various growth and developmental stages dur¬ 
ing the plant life cycle. 

Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 

ACKNOWLEDGMENTS 

We thank Ju-Kon Kim at Myongji University for his helpful ad¬ 
vice. This work was supported by the Technology Development 
Program for Life Industry through the Korea Institute of Plan¬ 
ning and Evaluation for Technology of Food, Agriculture, For¬ 
estry and Fisheries (grant number 111076-5). 

REFERENCES 

Abe, H., Urao, T., Ito, T., Seki, M., Shinozaki, K., and Yamaguchi- 
Shinozaki, K. (2003). Arabidopsis AtMYC2 (bHLH) and AtMYB2 
(MYB) function as transcriptional activators in abscisic acid sig¬ 
naling. Plant Cell 15, 63-78. 

Amitai-Zeigerson, H., Scolnik, P.A., and Bar-Zvi, D. (1994). Geno¬ 
mic nucleotide sequence of tomato Asr2, a second member of 
the stress/ripening-induced Asrl gene family. Plant Physiol. 106, 
1699-1700. 

Arenhart, R.A., Lima, J.C., Pedron, M., Carvalho, F.E., Silveira, J.A., 
Rosa, S.B., Caverzan, A., Andrade, C.M., Schunemann, M., 
Margis, R., et al. (2013). Involvement of ASR genes in alumin¬ 
ium tolerance mechanisms in rice. Plant Cell Environ. 36, 52-67. 
Artus, N.N., Uemura, M., Steponkus, P.L., Gilmour, S.J., Lin, C., 
and Thomashow, M.F. (1996). Constitutive expression of the 
cold-regulated Arabidopsis thaliana COR 15a gene affects both 
chloroplast and protoplast freezing tolerance. Proc. Natl. Acad. 
Sci. USA 93, 13404-13409. 


432 Mol. Cells 


http://molcells.org 


OsASRs Exhibit Different Sugar and Hormone Sensitivities 

Joungsu Joo et al. 


Blackwell, T.K., Bowerman, B., Priess, J.R., and Weintraub, H. 
(1994). Formation of a monomeric DNA binding domain by Skn- 
1 bZIP and homeodomain elements. Science 266, 621-628. 

Boyer, J.S. (1982). Plant productivity and environment. Science 218, 
443-448. 

Cakir, B., Agasse, A., Gaillard, C., Saumonneau, A., Delrot, S., and 
Atanassova, R. (2003). A grape ASR protein involved in sugar 
and abscisic acid signaling. Plant Cell 15, 2165-2180. 

Canel, C., Bailey-Serres, J.N., and Roose, M.L. (1995). Pummelo 
fruit transcript homologous to ripening-induced genes. Plant 
Physiol. 108, 1323-1324. 

Chen, W., Provart, N.J., Glazebrook, J., Katagiri, F., Chang, H.S., 
Eulgem, T., Mauch, F., Luan, S., Zou, G., Whitham, S.A., et al. 
(2002). Expression profile matrix of Arabidopsis transcription 
factor genes suggests their putative functions in response to 
environmental stresses. Plant Cell 14, 559-574. 

Chen, P.W., Chiang, C.M., Tseng, T.H., and Yu, S.M. (2006). Inter¬ 
action between rice MYBGA and the gibberellin response ele¬ 
ment controls tissue-specific sugar sensitivity of alpha-amylase 
genes. Plant Cell 18, 2326-2340. 

Chen, J.Y., Liu, D.J., Jiang, Y.M., Zhao, M.L., Shan, W., Kuang, J.F., 
and Lu, W.J. (2011). Molecular characterization of a strawberry 
FaASR gene in relation to fruit ripening. PLoS One 6, e24649. 

Dai, J.R., Liu, B., Feng, D.R., Liu, H.Y., He, Y.M., Qi, K.B., Wang, 
H.B., and Wang, J.F. (2011). MpAsr encodes an intrinsically un¬ 
structured protein and enhances osmotic tolerance in transgenic 
Arabidopsis. Plant Cell Rep. 30, 1219-1230. 

Dominguez, P.G., Frankel, N., Mazuch, J., Balbo, I., lusem, N.D., Fer- 
nie, A.R., and Carrari, F. (2013). Asrl mediates glucose-hor¬ 
mone crosstalk by affecting sugar trafficking in tobacco plants. 
Plant Physiol. 161, 1486-1500. 

Dubouzet, J.G., Sakuma, Y., Ito, Y., Kasuga, M., Dubouzet, E.G., 
Miura, S., Seki, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. 
(2003). OsDREB genes in rice, Oryza sativa L., encode tran¬ 
scription activators that function in drought-, high-salt- and cold- 
responsive gene expression. Plant J. 33, 751-763. 

Eulgem, T., Rushton, P.J., Robatzek, S., and Somssich, I.E. (2000). 
The WRKY superfamily of plant transcription factors. Trends 
Plant Sci. 5, 199-206. 

Ezcurra, I., Ellerstrom, M., Wycliffe, P., Stalberg, K., and Rask, L. 
(1999). Interaction between composite elements in the napA 
promoter: both the B-box ABA-responsive complex and the 
RY/G complex are necessary for seed-specific expression. Plant 
Mol. Biol. 40, 699-709. 

Fillion, L., Ageorges, A., Picaud, S., Coutos-Thevenot, P., Lemoine, 
R., Romieu, C., and Delrot, S. (1999). Cloning and expression of 
a hexose transporter gene expressed during the ripening of 
grape berry. Plant Physiol. 120, 1083-1094. 

Frankel, N., Carrari, F., Hasson, E., and lusem, N.D. (2006). Evolu¬ 
tionary history of the Asr gene family. Gene 378, 74-83. 

Frankel, N., Nunes-Nesi, A., Balbo, I., Mazuch, J., Centeno, D., 
lusem, N.D., Fernie, A.R., and Carrari, F. (2007). ci21A/Asr1 ex¬ 
pression influences glucose accumulation in potato tubers. Plant 
Mol. Biol. 63, 719-730. 

Gilad, A., Amitai-Zeigerson, H., Scolnik, P.A., and Bar-Zvi, D. (1997). 
Asrl, a tomato water-stress regulated gene: genomic organiza¬ 
tion, developmental regulation and DNA-binding activity. Acta 
Hort. 447, 447-453. 

Goldgur, Y., Rom, S., Ghirlando, R., Shkolnik, D., Shadrin, N., Kon¬ 
rad, Z., and Bar-Zvi, D. (2007). Desiccation and zinc binding in¬ 
duce transition of tomato abscisic acid stress ripening 1, a water 
stress- and salt stress-regulated plant-specific protein, from un¬ 
folded to folded state. Plant Physiol. 143, 617-628. 

Grierson, C., Du, J.S., de Torres Zabala, M., Beggs, K., Smith, C., 
Holdsworth, M., and Bevan, M. (1994). Separate cis sequences 
and trans factors direct metabolic and developmental regulation 
of a potato tuber storage protein gene. Plant J. 5, 815-826. 

Gubler, F., and Jacobsen, J.V. (1992). Gibberellin-responsive ele¬ 
ments in the promoter of a barley high-pl alpha-amylase gene. 
Plant Cell 4, 1435-1441. 

Gubler, F., Raventos, D., Keys, M., Watts, R., Mundy, J., and 
Jacobsen, J.V. (1999). Target genes and regulatory domains of 
the GAMYB transcriptional activator in cereal aleurone. Plant J. 
77,1-9. 

Hirasawa, T. (1999). Physiological characterization of rice plant for 
tolerance of water deficit. In Genetic Improvement of Rice for 


Water-Limited Environments, O. Ito, J.C.,O’Toole, and B. Hardy, 
eds. (Los Ba~nos, Philippines: International Rice Research Insti¬ 
tute), pp. 89-98. 

Hong, S.H., Kim, I.J., Yang, D.C., and Chung, W.l. (2002). Charac¬ 
terization of an abscisic acid responsive gene homologue from 
Cucumis melo. J. Exp. Bot. 53, 2271-2272. 

Hsu, Y.F., Yu, S.C., Yang, C.Y., and Wang, C.S. (2011). Lily ASR 
protein-conferred cold and freezing resistance in Arabidopsis. 
Plant Physiol. Biochem. 49, 937-945. 

Hu, W., Huang, C., Deng, X., Zhou, S., Chen, L., Li, Y., Wang, C., 
Ma, Z., Yuan, Q., Wang, Y., et al. (2013). TaASRI, a transcription 
factor gene in wheat, confers drought stress tolerance in trans¬ 
genic tobacco. Plant Cell Environ, doi: 10.1111/pce.12074. 
[Epub ahead of print]. 

Huang, J.C., Lin, S.M., and Wang, C.S. (2000). A pollen-specific 
and desiccation-associated transcript in Lilium longiflorum during 
development and stress. Plant Cell Physiol. 41, 477-485. 

Hwang, Y.S., Karrer, E.E., Thomas, B.R., Chen, L., and Rodriguez, 
R.L. (1998). Three cis-elements required for rice alpha-amylase 
Amy3D expression during sugar starvation. Plant Mol. Biol. 36, 
331-341. 

Ingram, J., and Bartels, D. (1996). The molecular basis of dehydra¬ 
tion tolerance in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 
47, 377-403. 

Itoh, J., Nonomura, K., Ikeda, K., Yamaki, S., Inukai, Y., Yamagishi, 
H., Kitano, H., and Nagato, Y. (2005). Rice plant development: 
from zygote to spikelet. Plant Cell Physiol. 46, 23-47. 

lusem, N.D., Bartholomew, D.M., Hitz, W.D., and Scolnik, P.A. 
(1993). Tomato (Lycopersicon esculentum) transcript induced 
by water deficit and ripening. Plant Physiol. 102, 1353-1354. 

Jain, M., Nijhawan, A., Arora, R., Agarwal, P., Ray, S., Sharma, P., 
Kapoor, S., Tyagi, A.K., and Khurana, J.P. (2007). F-box pro¬ 
teins in rice. Genome-wide analysis, classification, temporal and 
spatial gene expression during panicle and seed development, 
and regulation by light and abiotic stress. Plant Physiol. 143, 
1467-1483. 

Jang, I.C., Choi, W.B., Lee, K.H., Song, S.I., Nahm, B.H., and Kim, 
J.K. (2002). High-level and ubiquitous expression of the rice cy¬ 
tochrome c gene OsCcI and its promoter activity in transgenic 
plants provides a useful promoter for transgenesis of monocots. 
Plant Physiol. 129, 1473-1481. 

Jeanneau, M., Gerentes, D., Foueillassar, X., Zivy, M., Vidal, J., 
Toppan, A., and Perez, P. (2002). Improvement of drought tol¬ 
erance in maize: towards the functional validation of the Zm- 
Asrl gene and increase of water use efficiency by over¬ 
expressing C4-PEPC. Biochimie 84, 1127-1135. 

Kagaya, Y., Ohmiya, K., and Hattori, T. (1999). RAVI, a novel 
DNA-binding protein, binds to bipartite recognition sequence 
through two distinct DNA-binding domains uniquely found in 
higher plants. Nucleic Acids Res. 27, 470-478. 

Kalifa, Y., Gilad, A., Konrad, Z., Zaccai, M., Scolnik, P.A., and Bar- 
Zvi, D. (2004a). The water- and salt-stress-regulated Asrl (ab¬ 
scisic acid stress ripening) gene encodes a zinc-dependent 
DNA-binding protein. Biochem. J. 381, 373-378. 

Kalifa, Y., Perlson, E., Gilad, A., Konrad, Z., Scolnik, P.A., and Bar- 
Zvi, D. (2004b). Over-expression of the water and salt stress- 
regulated Asrl gene confers an increased salt tolerance. Plant 
Cell Environ. 27, 1459-1468. 

Kang, J.Y., Choi, H.I., Im, M.Y., and Kim, S.Y. (2002). Arabidopsis 
basic leucine zipper proteins that mediate stress-responsive ab¬ 
scisic acid signaling. Plant Cell 74, 343-357. 

Kaplan, B., Davydov, O., Knight, H., Galon, Y., Knight, M.R., Fluhr, 
R., and Fromm, H. (2006). Rapid transcriptome changes indu¬ 
ced by cytosolic Ca 2+ transients reveal ABRE-related sequences 
as Ca 2+ -responsive cis elements in Arabidopsis. Plant Cell 18, 
2733-2748. 

Kawasaki, S., Borchert, C., Deyholos, M., Wang, H., Brazille, S., 
Kawai, K., Galbraith, D., and Bohnert, H.J. (2001). Gene expres¬ 
sion profiles during the initial phase of salt stress in rice. Plant 
Cell 13, 889-905. 

Kim, H.J., Kim, Y.K., Park, J.Y., and Kim, J. (2002). Light signalling 
mediated by phytochrome plays an important role in cold- 
induced gene expression through the C-repeat/dehydration 
responsive element (C/DRE) in Arabidopsis thaiiana. Plant J. 29, 
693-704. 

Kim, S.J., Lee, S.C., Hong, S.K., An, K., An, G., and Kim, S.R. 


http://molcells.org 


Mol. Cells 433 


OsASRs Exhibit Different Sugar and Hormone Sensitivities 
Joungsu Joo et al. 


(2009). Ectopic expression of a cold-responsive OsAsrl cDNA 
gives enhanced cold tolerance in transgenic rice plants. Mol. 
Cells 27, 449-458. 

Kim, I.S., Kim, Y.S., and Yoon, H.S. (2012). Rice ASR1 protein with 
reactive oxygen species scavenging and chaperone-like activi¬ 
ties enhances acquired tolerance to abiotic stresses in Sac- 
charomyces cerevisiae. Mol. Cells 33, 285-293. 

Konrad, Z., and Bar-Zvi, D. (2008). Synergism between the chaper¬ 
one-like activity of the stress regulated ASR1 protein and the 
osmolyte glycine-betaine. Planta227,1213-1219. 

Lanahan, M.B., Ho, T.H., Rogers, S.W., and Rogers, J.C. (1992). A 
gibberellin response complex in cereal alpha-amylase gene pro¬ 
moters. Plant Cell 4, 203-211. 

Lata, C., and Prasad, M. (2011). Role of DREBs in regulation of 
abiotic stress responses in plants. J. Exp. Bot. 62, 4731-4748. 

Lee, T.H., Kim, Y.K., Pham, T.T., Song, S.I., Kim, J.K., Kang, K.Y., 
An, G., Jung, K.H., Galbraith, D.W., Kim, M., et al. (2009). 
RiceArrayNet: a database for correlating gene expression from 
transcriptome profiling, and its application to the analysis of co¬ 
expressed genes in rice. Plant Physiol. 151, 16-33. 

Liu, H.Y., Dai, J.R., Feng, D.R., Liu, B., Wang, H.B., and Wang, J.F. 
(2010). Characterization of a novel plantain Asr gene, MpAsr, 
that is regulated in response to infection of Fusarium oxysporum 
f. sp. cubense and abiotic stresses. J. Integr. Plant Biol. 52, 315- 
323. 

Lopez-Ochoa, L., Acevedo-Hernandez, G., Martinez-Hernandez, A., 
Arguello-Astorga, G., and Herrera-Estrella, L. (2007). Structural 
relationships between diverse cis-acting elements are critical for 
the functional properties of a rbcS minimal light regulatory unit. J. 
Exp. Bot. 58, 4397-4406. 

Maleck, K., Levine, A., Eulgem, T., Morgan, A., Schmid, J., Lawton, 
K.A., Dangl, J.L., and Dietrich, R.A. (2000). The transcriptome of 
Arabidopsis thaliana during systemic acquired resistance. Nat. 
Genet. 26, 403-410. 

Maruyama-Nakashita, A., Nakamura, Y., Watanabe-Takahashi, A., 
Inoue, E., Yamaya, T., and Takahashi, H. (2005). Identification 
of a novel cis-acting element conferring sulfur deficiency respon¬ 
se in Arabidopsis roots. Plant J. 42, 305-314. 

Maskin, L., Gubesblat, G.E., Moreno, J.E., Carrari, F.O., Frankel, N., 
Sambade, A., Rossi, M., and lusem, N.D. (2001). Differential 
expression of the members of the Asr gene family in tomato (Z_y- 
copersicon esculentum). Plant Sci. 161, 739-746. 

Morikami, A., Matsunaga, R., Tanaka, Y., Suzuki, S., Mano, S., and 
Nakamura, K. (2005). Two cis-acting regulatory elements are 
involved in the sucrose-inducible expression of the sporamin 
gene promoter from sweet potato in transgenic tobacco. Mol. 
Genet. Genomics 272, 690-699. 

Ogawa, M., Hanada, A., Yamauchi, Y., Kuwahara, A., Kamiya, Y., 
and Yamaguchi, S. (2003). Gibberellin biosynthesis and respon¬ 
se during Arabidopsis seed germination. Plant Cell 15, 1591- 
1604. 

Padmanabhan, V., Dias, D.M., and Newton, R.J. (1997). Expres¬ 
sion analysis of a gene family in loblolly pine (Pinus taeda L.) in¬ 
duced by water deficit stress. Plant Mol. Biol. 35, 801-807. 

Palm, C.J., Costa, M.A., An, G., and Ryan, C.A. (1990). Wound- 
inducible nuclear protein binds DNA fragments that regulate a 
proteinase inhibitor II gene from potato. Proc. Natl. Acad. Sci. 
USA 87, 603-607. 

Pantuwan, G., Fukai, S., Cooper, M., Rajatasereekul, S., and 
O’Toole, J.C.O. (2002). Yield response of rice (Oryza sativa L.) 
genotypes to drought under rain fed low land: 3. Plant factors 
contributing to drought resistance. Field Crops Res. 73, 181-200. 

Phi-Van, L., and Stratling, W.H. (1996). Dissection of the ability of 
the chicken lysozyme gene 5' matrix attachment region to stimu¬ 
late transgene expression and to dampen position effects. Bio¬ 
chemistry 35, 10735-10742. 

Philippe, R., Courtois, B., McNally, K.L., Mournet, P., El-Malki, R., 
Le Paslier, M.C., Fabre, D., Billot, C., Brunei, D., Glaszmann, 
J.C., et al. (2010). Structure, allelic diversity and selection of Asr 
genes, candidate for drought tolerance, in Oryza sativa L. and 
wild relatives. Theor. Appl. Genet. 121, 769-787. 

Price, A., and Courtois, B. (1999). Mapping QTLs associated with 
drought resistance in rice: Progress, problems and prospects. 
Plant Growth Regulation 29, 123-133. 

Ricardi, M.M., Guaimas, F.F., Gonzalez, R.M., Burrieza, H.P., Lo- 
pez-Fernandez, M.P., Jares-Erijman, E.A., Estevez, J.M., and 


lusem, N.D. (2012). Nuclear import and dimerization of tomato 
ASR1, a water stress-inducible protein exclusive to plants. PLoS 
One 7, e41008. 

Rom, S., Gilad, A., Kalifa, Y., Konrad, Z., Karpasas, M.M., Goldgur, 
Y., and Bar-Zvi, D. (2006). Mapping the DNA- and zinc-binding 
domains of ASR1 (abscisic acid stress ripening), an abiotic- 
stress regulated plant specific protein. Biochimie 88, 621-628. 

Rossi, M., Carrari, F., Cabrera-Ponce, J.L., Vazquez-Rovere, C., 
Herrera-Estrella, L., Gudesblat, G., and lusem, N.D. (1998). 
Analysis of an abscisic acid (ABA)-responsive gene promoter 
belonging to the Asr gene family from tomato in homologous 
and heterologous systems. Mol. Gen. Genet. 258, 1-8. 

Saumonneau, A., Agasse, A., Bidoyen, M.T., Lallemand, M., Can- 
tereau, A., Medici, A., Laloi, M., and Atanassova, R. (2008). In¬ 
teraction of grape ASR proteins with a DREB transcription factor 
in the nucleus. FEBS Lett. 582, 3281-3287. 

Shen, Q., Zhang, P., and Ho, T.H. (1996). Modular nature of ab¬ 
scisic acid (ABA) response complexes: composite promoter 
units that are necessary and sufficient for ABA induction of gene 
expression in barley. Plant Cell 8, 1107-1119. 

Shinozaki, K., and Yamaguchi-Shinozaki, K. (1997). Gene expres¬ 
sion and signal transduction in water-stress response. Plant 
Physiol. 7 75,327-334. 

Shinozaki, K., and Yamaguchi-Shinozaki, K. (2000). Molecular res¬ 
ponses to dehydration and low temperature: differences and 
cross-talk between two stress signaling pathways. Curr. Opin. 
Plant Biol. 3, 217-223. 

Shkolnik, D., and Bar-Zvi, D. (2008). Tomato ASR1 abrogates the 
response to abscisic acid and glucose in Arabidopsis by 
competing with ABI4 for DNA binding. Plant Biotechnol. J. 6, 
368-378. 

Silhavy, D., Hutvagner, G., Barta, E., and Banfalvi, Z. (1995). Isola¬ 
tion and characterization of a water-stress-inducible cDNA clone 
from Solanum chacoense. Plant Mol. Biol. 27, 587-595. 

Simpson, S.D., Nakashima, K., Narusaka, Y., Seki, M., Shinozaki, 
K., and Yamaguchi-Shinozaki, K. (2003). Two different novel 
cis-acting elements of erdl, a cIpA homologous Arabidopsis 
gene function in induction by dehydration stress and dark- 
induced senescence. Plant J. 33, 259-270. 

Sun, T.P., and Gubler, F. (2004). Molecular mechanism of gibberel¬ 
lin signaling in plants. Annu. Rev. Plant Biol. 55, 197-223. 

Sutoh, K., and Yamauchi, D. (2003). Two cis-acting elements nec¬ 
essary and sufficient for gibberellin-upregulated proteinase ex¬ 
pression in rice seeds. Plant J. 34, 635-645. 

Takasaki, H., Mahmood, T., Matsuoka, M., Matsumoto, H., and 
Komatsu, S. (2008). Identification and characterization of a gib- 
berellin-regulated protein, which is ASR5, in the basal region of 
rice leaf sheaths. Mol. Genet. Genomics 279, 359-370. 

Toyofuku, K., Umemura, T., and Yamaguchi, J. (1998). Promoter 
elements required for sugar-repression of the RAmy3D gene for 
alpha-amylase in rice. FEBS Lett. 428, 275-280. 

Ulmasov, T., Hagen, G., and Guilfoyle, T.J. (1999). Dimerization 
and DNA binding of auxin response factors. Plant J. 19, 309-319. 

Uno, Y., Furihata, T., Abe, H., Yoshida, R., Shinozaki, K., and Ya¬ 
maguchi-Shinozaki, K. (2000). Arabidopsis basic leucine zipper 
transcription factors involved in an abscisic acid-dependent sig¬ 
nal transduction pathway under drought and high-salinity condi¬ 
tions. Proc. Natl. Acad. Sci. USA 97, 11632-11637. 

Vaidyanathan, R., Kuruvilla, S., and Thomas, G. (1999). Charac¬ 
terization and expression pattern of an abscisic acid and osmotic 
stress responsive gene from rice. Plant Sci. 140, 21-30. 

Verslues, P.E., and Zhu, J.K. (2005). Before and beyond ABA: 
upstream sensing and internal signals that determine ABA ac¬ 
cumulation and response under abiotic stress. Biochem. Soc. 
Trans. 33, 375-379. 

Villain, P., Mache, R., and Zhou, D.X. (1996). The mechanism of 
GT element-mediated cell type-specific transcriptional control. J. 
Biol. Chem. 271, 32593-32598. 

Virlouvet, L., Jacquemot, M.P., Gerentes, D., Corti, H., Bouton, S., 
Gilard, F., Valot, B., Trouverie, J., Tcherkez, G., Falque, M., et al. 
(2011). The ZmASRI protein influences branched-chain amino 
acid biosynthesis and maintains kernel yield in maize under wa¬ 
ter-limited conditions. Plant Physiol. 157 , 917-936. 

Washio, K. (2003). Functional dissections between GAMYB and 
Dof transcription factors suggest a role for protein-protein asso¬ 
ciations in the gibberellin-mediated expression of the RAmylA 


434 Mol. Cells 


http://molcells.org 


OsASRs Exhibit Different Sugar and Hormone Sensitivities 

Joungsu Joo et al. 


gene in the rice aleurone. Plant Physiol. 133, 850-863. 

Wu, C., Washida, H., Onodera, Y., Harada, K., and Takaiwa, F. 
(2000). Quantitative nature of the Prolamin-box, ACGT and AACA 
motifs in a rice glutelin gene promoter: minimal cis-element 
requirements for endosperm-specific gene expression. Plant J. 
23, 415-421. 

Xue, G.P. (2002). An AP2 domain transcription factor HvCBFI 
activates expression of cold-responsive genes in barley through 
interaction with a (G/a)(C/t)CGAC motif. Biochim. Biophys. Acta 
1577, 63-72. 

Yamagata, H., Yonesu, K., Hirata, A., and Aizono, Y. (2002) 
TGTCACA motif is a novel cis-regulatory enhancer element 
involved in fruit-specific expression of the cucumisin gene. J. 
Biol. Chem. 277, 11582-11590. 

Yang, T., and Poovaiah, B.W. (2002). A calmodulin-binding/CGCG 
box DNA-binding protein family involved in multiple signaling 
pathways in plants. J. Biol. Chem. 277, 45049-45058. 

Yang, L., Zheng, B., Mao, C., Qi, X., Liu, F., and Wu, P. (2004). 
Analysis of transcripts that are differentially expressed in three 


sectors of the rice root system under water deficit. Mol. Genet. 
Genomics 272, 433-442. 

Yang, C.Y., Chen, Y.C., Jauh, G.Y., and Wang, C.S. (2005). A Lily 
ASR protein involves abscisic acid signaling and confers drought 
and salt resistance in Arabidopsis. Plant Physiol. 139, 836-846. 

Yang, C.Y., Wu, C.H., Jauh, G.Y., Huang, J.C., Lin, C.C., and 
Wang, C.S. (2008). The LLA23 protein translocates into nuclei 
shortly before desiccation in developing pollen grains and regu¬ 
lates gene expression in Arabidopsis. Protoplasma 233, 241- 
254 . 

Zeeberg, B.R., Feng, W., Wang, G., Wang, M.D., Fojo, A.T., Sun¬ 
shine, M., Narasimhan, S., Kane, D.W., Reinhold, W.C., La- 
babidi, S., et al. (2003). GoMiner: a resource for biological inter¬ 
pretation of genomic and proteomic data. Genome Biol. 4, R28. 

Zhang, Z.L., Xie, Z., Zou, X., Casaretto, J., Ho, T.H., and Shen, Q.J. 
(2004). A rice WRKY gene encodes a transcriptional repressor 
of the gibberellin signaling pathway in aleurone cells. Plant 
Physiol. 134, 1500-1513. 


http://molcells.org 


Mol. Cells 435 


